For green production of iron ore sintering, it is significant to substitute fossil fuels by biomass which is a kind of clean and renewable energy. In this paper, three kinds of biomass fuels such as charcoal, charred-straw and molded-sawdust were studied as sintering fuels. The results show that, with the proportion of biomass replacing coke breeze increasing, the vertical sintering speed raises, but the yield and the tumble index of sinter decrease, so the replacement proportion should be appropriate for satisfying the productivity and the quality of sinter. The suitable replacing proportions of charcoal, charred-straw and molded-sawdust are 40%, 20% and 15% respectively, in which the emission of COx can be decreased by 18.65%, 7.19% and 5.39%, SOx by 38.15%, 31.79% and 28.90%, NOx by 26.76%, 18.31% and 15.49% respectively.
Introduction
Sinter is the main ferreous charge in blast furnace, which usually accounts for more than 75%. However, sintering is also an air polluting process. The sintering flue gas, which contains dusts, COx, SOx, NOx, high-carcinogen like dioxins and furans (PCB, PAH and PCDD/F), acid gases (HF, HCl, etc.), heavy metals and alkali metals and other pollutants, accounts for 40% of the total volume of waste gas in iron & steel industry. [1] [2] [3] [4] [5] In China, the COx, SOx, NOx emissions occupy 10%, 70% and 48% of the total emissions of iron & steel industry respectively.
The main solid fuel for sintering currently is fossil energy, such as coke, anthracite and so on, which is the main source of CO2, SOx, NOx etc. [5] [6] [7] Biomass energy is a potential clean and renewable energy that can substitute for fossil fuels because of its wide source and large quantity. [8] [9] [10] [11] [12] [13] In 2004, CSIRO studied the sintering test with red gum charcoal substituting for coke powder in Australia. 14) In 2007, Corus Technology Research and Development Research Center studied the influence of biomass fuels replacing 25% coke on thermal curve of sintering bed in Netherlands. 15) In the paper, the effects of biomass fuel types and replacement proportion of coke on sintering and pollutants emissions reduction of flue gas were studied.
Materials and Methods

Raw Materials
The iron ore blend, limestone, dolomite, quicklime and fuel are matched to produce sinter with TFe57.5%, SiO24.82%, R2.0, MgO2.0%. The chemical compositions and ratios of raw materials are shown in Table 1 .
The test used four kinds of solid fuel, one of which is coke breeze, the others are three types of biomass fuels, which are charcoal, charred-straw and molded-sawdust respectively. The chemical compositions and industrial analysis of fuels are shown in Table 2 . Figure 1 shows the microstructure of solid fuels. Compared with coke, charcoal and charred-straw have higher porosity, and their pores are mainly micropore and distribute uniformly.
The physical properties of fuels are shown in Table 3 . Biomass fuels are lighter in density, but higher in porosity and specific surface area, especially for charred biomass. The porosity of charcoal and charred-straws are 58.22% and 62.19%, which is 12.47%, 16.44% higher than that of coke breeze respectively. The specific surface areas of charcoal and charred-straws are 54.76 m 2 /g and 60.82 m 2 /g, which are 9.13 times and 10.14 times that of coke breeze. The main composition of sawdust is hydrocarbon which will also be carbonized to char with rich pores during sintering.
Sintering Trials
A sintering pot of Φ 180 mm × 700 mm is utilized to simulate sintering process. The procedure involves ore proportioning, blending, cylinder granulation, ignition, sintering, drop strength testing, screening, drum strength determination, and the sinter chemical composition tests. The operation parameters of the testing process are: 4 min for cylinder granulation, 1 min for ignition and heat preservation, and the ignition temperature is 1 150 ± 50°C. The negative pressure of ignition and cooling process is 5 kPa, and that of sintering process is 10 kPa. Before unloading, 3 min for cooling is needed.
Smoke components analyzers are used to detect the contents of CO, CO 2 , O 2 , NOx and SOx in exhaust gas during sintering.
Sintering Characteristics by Using Biomass as Fuels
The addition of biomass based on the principle that its heat equates to the quantity of coke breeze being substituted.
Effect of Replacement Proportion
The effect of the proportion of charcoal replacing coke on sinter productivity and quality is shown in Fig. 2 . It indicates that, with the proportion increasing, vertical sintering speed is accelerated, while yield and tumble index are decreased. As it is shown in Fig. 3 , the permeability and the gas flow rate during sintering are affected insignificantly, which indicates that the increase of sintering speed is not related to granulation but the features of biomass fuels. Biomass fuel can burn faster than coke breeze as a result of its high porosity and large surface area, the average burning speed of charcoal is 6.00%/min and coke breeze 4.15%/min tested by isothermal combustion at 1 000°C, which makes the vertical sintering speed increase greatly. And the fast combustion of biomass decreases the maximum temperature and shortens the time of holding high temperature, which makes yield and tumble index worsen. Charcoal replacing coke breeze impacts sintering index, but when the proportion is not too high, the affecting degree of sintering index is relatively slight. However, when replacement proportion increases to critical value, the output and quality of sinter are worsened significantly. The inflexion can be considered as a criterion of appropriate value for biomass replacing coke breeze. For charcoal, when replacement proportion exceeds 40%, the sintering index is worsened significantly. Therefore, the appropriate proportion of charcoal replacing coke breeze is 40%.
Effect of Biomass Types
The effects of biomass types on sintering are shown in Table 4 . The results indicate that all the three types of bio- Fig. 4 . Effect of the proportion of charcoal substituting for coke on pollutants concentration of sintering flue gas. mass could make the vertical sintering speed increase, and the yield, the tumble index and the productivity reduce. When biomass replace 40% coke breeze, of which the influence of molded-sawdust is the greatest, then charred-straw and charcoal, because the volatiles of charcoal, charred-straw and molded-sawdust increase in turn, and fixed carbon reduce. The results also show that the appropriate proportion of charcoal, charred-straw and molded-sawdust replacing coke breeze decreased in turn, which was 40%, 20% and 15% respectively. In their appropriate replacement ratio, sinter productivity and quality indicators were relatively similar.
Because product yield decreases as biomass replacing coke breeze, which would destroy the balance of return fines. For achieving the balance of return fines, return fines ratio in sintering mixture need to be heightened. Tests were conducted using appropriate dosages of biomass replacing coke breeze within return fines balance (± 0.05), and the results are shown in Table 5 . The vertical sintering speed and the productivity increase in some way because return fines can improve granulation of mixture, but the tumble index changes mildly.
Reduction of Sintering Emissions by Applying Biomass
Effect of Replacement Proportion
With the proportion of charcoal replacing coke breeze Fig. 6 . Effects of biomass types on pollutants concentration of sintering flue gas. increasing, the influence on the concentration of pollutants in flue gas is shown in Fig. 4 and Table 6 . It can be seen that the contents of CO2 and CO increasing with a higher proportion of replacement, because sintering speed is accelerated that renders more fuel being burned and more COx being released per unit time. As for SO2 and NO, the values of their concentration in flue gas decrease with the replacement proportion increasing due to the contents of N and S of biomass are lower than coke. The influence of charcoal substituting for coke on pollutants emissions of flue gas per unit sinter is shown in Fig. 5 . Because CO2 released from the biomass combustion will go back to the plant growth during the circulation of atmosphere, the emissions of COx should deduct the CO2 generated by biomass. Moreover, because of fast sintering by biomass fuel, it makes the emissions of COx reduce for unit sinter. So charcoal substitutes for coke of 20%, 40%, 60% and 100%, the reducing proportion of COx reaches to 8.55%, 18.65%, 21.56% and 37.73%, the reducing proportion of SOx up to 10.98%, 38.15%, 44.50% and 39.88%, and the reducing proportion of NOx reaches to 18.31%, 26.76%, 30.99% and 19.72%. When the replacement proportion is higher than 40%, the reduction of SOx and NOx slows due to the yield of sinter reduced sharply.
Effect of Biomass Types
The effects of biomass types on pollutants concentration of sintering flue gas are shown in Fig. 6 . When charcoal, charred-straw and molded-sawdust replacing coke breeze with the proportions of 40%, 20% and 15% respectively, comparing with that of using coke only, the concentration of CO2 increases from 10.32% to 10.77%, 10.83% and 11.50%, CO increases from 1.43% to 1.62%, 1.59% and 1.66%, the average concentration of SOx reduces from 407.00 ppm to 250.50 ppm, 278.89 ppm and 300.75 ppm, and NOx reduces from 355.77 ppm to 258.14 ppm, 286.53 ppm and 300.24 ppm in turn.
The influences of biomass types replacing part of coke on pollutants emissions of unit sinter are shown in Fig. 7 . When charcoal replacing 40% coke, charred-straw replacing 20% coke, molded-sawdust replacing 15% coke, the extent of COx reduction reaches to 18.65%, 7.19% and 5.39%, the reduction proportion of SOx could reach to 38.15%, 31.79% and 28.90%, and the reduction proportion of NOx could reach to 26.76%, 18.31% and 15.49%.
Conclusions
(1) Biomass fuel is a kind of clean and renewable energy. Compared with coke, the contents of N and S of biomass are lower. And the charred biomass has much higher porosity and larger specific surface area.
(2) With the replacement proportion of biomass increasing, the vertical sintering speed increases, but both of the yield and trumble strength reduce. The appropriate proportion of charcoal, charred-straw and molded-sawdust is 40%, 20% and 15% respectively.
(3) Biomass replacing coke can reduce COx, SOx, NOx emissions of flue gas. When the charcoal, charred-straw and molded-sawdust replaced 40%, 20% and 15% coke respectively, the emission of COx can be decreased by 18.65%, 7.19% and 5.39%, SOx by 38.15%, 31.79% and 28.90%, NOx by 26.76%, 18.31% and 15.49% respectively.
